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ABSTRACT 
Surficial materials are recycled back into the deep Earth at subduction zones. The 
oxidation state of subducted materials affects the oxidation state of major geochemical 
reservoirs in the Earth, such as the mantle and the crust. First row transition elements 
(FRTEs), such as V and Sc, are highly redox sensitive and thus have the potential to track 
important redox processes in subduction zones. In this project, concentrations of FRTEs 
in garnet, omphacite, and rutile were determined for a global suite of oceanic eclogites, 
which represent exhumed subducted materials. Data were collected by LA-ICP-MS using 
an ESI NWR193UC laser ablation system coupled to an Agilent 8900 ICP-MS/MS. 
Ablation conditions were 12–20 µm spot size at a fluence of ~3 J/cm2 and a repetition 
rate of 5–8 Hz. Trace element concentrations in garnet and omphacite were determined 
relative to NIST SRM612, and relative to R10 for rutile. NIST SRM610, GSD-1G, GSE-
1G, and R19 were analyzed as quality control materials. Elements such as V and Cr are 
preferentially partitioned into rutile over the silicates, whereas Sc, Co, Zn, and Ge are 
predominantly found in omphacite and garnet. Scandium, Co, and Ga were below 
detection limit in rutile, and Ni and Ge were only measurable in omphacite and garnet, 
respectively. Scandium is more compatible in garnet than omphacite. Zinc and Ga are 
more compatible in omphacite than garnet. Omphacite/garnet partition coefficients for Co 
are close to one. 
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INTRODUCTION 
During the process of subduction, one tectonic plate subducts, or dives 
underneath, another tectonic plate and is recycled back into the mantle of the Earth. As a 
subducting plate, or slab, descends, pressure and temperature conditions increase. 
Changes in pressure and temperature result in dehydration and devolatilization reactions 
that are crucial to the redistribution of elements. These dehydration reactions cause 
hydrous fluids to leave the slab and enter the mantle wedge. These fluids cause melting in 
the mantle wedge, which results in the formation of arc volcanoes such as those seen in 
the Cascade Volcanic Arc in Western North America. Fluids created by dehydration and 
devolatilization reactions can either be oxidizing or reducing depending on their 
elemental composition and can thus change the oxidation state of the mantle wedge 
(Carmichael, 1991; Evans, 2012; Walters et al., 2020). Fluids released during subduction 
can thereby change the conditions of the mantle wedge, which is of importance because it 
is the source region for arc volcanoes. The oxidation state of the mantle is also important 
to constrain because it is an important parameter in geophysical models, which tell us 
about the physical state of the mantle below subduction zones (Mackwell, 2008). In 
addition, the oxidation state of minerals that are recycled in slabs during subduction 
impacts the oxidative power of the mantle over geologic timescales (Evans, 2012), has 
consequences for the types of base metal deposits that are associated with arc volcanism 
(Mungall, 2002), and influences how the continental crust is built over time. 
The purpose of this project is to determine the concentrations and distribution of 
first row transition elements (FRTEs) in eclogites. Eclogites are pieces of oceanic crust 
that have been subducted to great depths, metamorphosed, and then exhumed back up to 
 
 2 
the Earth’s surface. These samples provide useful insight into the rocks that are the 
sources of the fluids that flux the mantle wedge and create arc volcanoes. They are also 
representative of an important deep mantle reservoir, the ‘slab graveyard’, as oceanic 
crust is thought to subduct into the deep mantle and settle at the D¢¢ layer (e.g., Tackley, 
2011), thereby creating an additional geochemical source for deeply sourced magmas 
such as ocean island basalts (OIBs). The FRTEs have been suggested as potentially 
useful indicators regarding the origin and evolution of igneous rocks because they are 
compatible to mildly incompatible during partial melting in Earth’s mantle (Le Roux et 
al., 2015). The FRTEs are also highly sensitive to reduction-oxidation processes (redox), 
and so they have the potential to track important redox processes in the mantle wedge and 
beyond.  
It is unknown how the FRTEs behave in the subduction environment or what the 
distribution is of FRTEs in eclogitic rocks. Although some elements like Ti, Fe, Cr, and 
Mn have been briefly investigated in eclogitic minerals, most FRTEs have not been 
rigorously studied, so we do not really know how they behave in subduction 
environments and in what minerals they are hosted. The purpose of this study is to 
analyze the concentrations of these elements in eclogitic minerals, thereby providing a 
missing piece of this puzzle. This information can then be incorporated into melting 
models to determine the extent to which FRTEs are recycled into the deep mantle, and 
how this reservoir is expressed in ocean island basalts (Davis et al., 2013). This will give 
us a constraint on the potential for FRTEs to influence mantle redox, and will fill a 
critical gap in our knowledge of redox-sensitive elements in the Earth. 
 
 
 3 
 Here I present concentrations of FRTEs in eclogitic minerals (garnet, omphacite, 
and rutile) from a suite of six oceanic eclogite samples from around the world. I 
completed visual analyses of samples using a petrographic microscope, and I performed 
major and trace element analyses using electron probe microanalysis (EPMA) and laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), respectively. 
Based on preliminary analyses, I determined that some FRTEs (Co, Ni) are incorporated 
into garnet and omphacite, which are the two common minerals in eclogites, in trace but 
measurable amounts. I hypothesize that other FRTEs (V, Sc, Cu, Zn) will also be present 
in these minerals. These analyses will allow me to test my hypothesis that first row 
transition elements (V, Sc, Cu, Zn, etc) are incorporated into the minerals garnet, 
omphacite, and rutile in trace but measurable amounts.  
 
Geologic Background 
Thin section samples were selected from a collection of twenty-eight eclogitic 
samples from fourteen different subduction localities across the globe. The consideration 
of spatially diverse samples was meant to provide a global narrative on FRTE behavior in 
these types of rocks. Six samples were eventually selected, one each from the Franciscan 
Complex, CA; Syros, Greece; Guatemala Suture Zone, Guatemala; Meluzina, Czech 
Republic; Alep Arami, Central Alps; and Vendée, France (Table 1).  
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Table 1. Sample localities and mineralogy.  
Sample  Locality  Mineral Phases  
JS1209-1 Junction School, 
Franciscan Complex, 
California  
Garnet, Omphacite, Phengite, Chlorite, 
Rutile, Titanite, and Glaucophane 
SY18-02A Finikas, Syros, Greece  Garnet, Omphacite, Rutile, Titanite, 
Phengite, and Chlorite  
G2A Carrizal Grande Area, 
Guatemala Suture Zone 
Garnet, Omphacite, Phengite, Rutile, 
Titanite, Chlorite, Sulfides 
BL9A Meluzina, Czech Republic  Garnet, Omphacite, Amphibole, 
Phengite, Rutile, Titanite, Chlorite 
AA0609-01 Alpe Arami, Central Alps, 
Switzerland  
Garnet, Omphacite, Phengite, Rutile, 
Titanite, Chlorite 
GO83-12 Vendée, France  Garnet, Omphacite, Rutile, Quartz  
         
 
Franciscan Complex, California, USA 
Sample JS1209-1 was collected from the Franciscan Complex in Northwestern 
California at the Junction School locality. The Franciscan Complex is the remnants of a 
Mesozoic accretionary wedge which formed during the subduction of the Farallon Plate 
beneath the North American Plate (Wakabayashi, 1990; Tsujimori et al., 2006; Page et 
al., 2007; Cooper et al., 2011). The Complex underlies both the Coast Range Ophiolite 
(CRO), which appears as a discontinuous band, and the Great Valley Sequence, which 
makes up the eastern border and represent a fragment of oceanic lithosphere that was 
clipped off the subducting slab and the sedimentation overlying it (Cooper et al., 2011; 
Shervais and Choi, 2011). The Franciscan Complex is divided into three belts: the 
Coastal Belt, the Central Belt, and the Eastern Belt, which progressively young from east 
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to west (Cooper et al., 2011; Shervais and Choi, 2011). Junction School is found in the 
Central Belt (Cooper et al., 2011; Shervais and Choi, 2011). It is generally agreed upon 
that the Franciscan Complex experienced HP-LT metamorphism which records a 
counter-clockwise P-T path with peak conditions of ~550 - 600°C and ~2.5 – 2.8 GPa 
although the specifics of said path remain enigmatic (Page et al., 2007; Cooper et al., 
2011).  
Sample JS1209-1 was collected from the Junction School sampling site, 
sometimes referred to as the Berkley Hills site, near Healdsburg, California (Page et al., 
2007). The Junction School site consists of 1–300 m high grade metamorphic blocks in a 
low-grade metasedimentary and serpentinite matrix. Eclogites from this locality record 
some of the highest pressures in the Franciscan Complex, with peak P-T conditions of 
2.8–3 GPa at 500 °C (Page et al., 2007). Similar to the Franciscan Complex at large, 
Junction School eclogites record a counter-clockwise P-T path and experienced 
blueschist-facies overprinting. However, Junction School eclogites record a tight, almost 
parallel P-T loop, and overprinting is not pervasive at this locality (Page et al., 2007).  
 
Syros, Greece 
Samples SY18-02A was collected from the island of Syros, Greece which is part 
of the Aegean subduction complex (ASC). The ASC was formed by the African Plate 
subducting under the Turkish-Aegean Plate beginning in the Mesozoic (Behr et al., 2018; 
Cooperdock et al., 2018). The dominant unit of the Central Aegean is the Cycladic 
Blueschist Unit (CBU), which consists of an assortment of marbles, metapelites, and 
metabasites of the blueschist to eclogite facies (Philippon et al., 2011; Laurent et al., 
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2016; Behr et al., 2018; Cooperdock et al., 2018). Some of the best CBU outcrops are 
found on the island of Syros (Philippon et al., 2011). The island consists of a series of 
deformed tectonically stacked units with a general NW to SE alignment (Behr et al., 
2018). In the southeast corner of the island is the Vari Unit, which is comprised of 
orthogneisses and makes up the basement of the CBU (Philippon et al., 2011). The CBU 
makes up most of the island and begins in the southwest corner as a series of interlayered 
calcschists and gneisses that transitions as it extends up to the northeast to a series of 
micaschists and marbles, which have been interpreted as the remnants of a Mesozoic 
passive margin (Philippon et al., 2011; Laurent et al., 2016; Cooperdock et al., 2018). 
Four major metabasite localities occur on the island of Syros including the Kampos Shear 
Zone metabasite in the north, the Kini Beach metabasite on the western coast, the 
Ermoupoli metabasite on the eastern coast near the airport, and the Finikas metabasite to 
the southwest (Philippon et al., 2011; Laurent et al., 2016; Keppler et al., 2017; 
Cooperdock et al., 2018).  
Sample SY18-02A was collected from the metabasite occurrence to the north of 
Finikas (at coordinates 37.404655, 24.874514). The CBU on the island of Syros records a 
fairly consistent high pressure-low temperature with generally agreed upon peak P-T 
conditions ranging from ~1.6 – 2.0 GPa and 500 - 550°C (Laurent et al., 2016; Keppler et 
al., 2017; Behr et al., 2018; Cooperdock et al., 2018).  
 
Guatemala Suture Zone, Guatemala 
Sample G2A was collected from the S. Motagua unit in the Guatemala Suture 
Zone (GSZ) at the Carrizal Grande locality near the border between Guatemala and 
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Honduras in Central America.  The GSZ is a left-lateral strike-slip system composed of a 
series of roughly parallel E-W faults that act as the border between North American plate 
(Maya Block) and Caribbean plate (Chortis Block); (Martens et al., 2012, 2017; 
Maldonado et al., 2017). The GSZ was formed by a sequence of subduction, collision, 
exhumation, and lateral displacement of both continental and oceanic lithosphere 
beginning in the late Cretaceous, and is composed of three high pressure metamorphic 
belts: the Chuacus belt, the North Motagua belt, and the South Motagua belt (Martens et 
al., 2012, 2017; Maldonado et al., 2017). The Chuacus belt represents the southernmost 
margin of the North American plate and is composed of quartzofeldspathic gneiss bearing 
eclogites, amphibolite, and pelitic schist (Martens et al., 2012; Maldonado et al., 2017). 
The North and South Motagua belts are two roughly parallel serpentinite mélanges that 
lie on either side of the Motagua fault which are the result of subducted oceanic 
lithosphere (Harlow et al., 2004; Martens et al., 2012, 2017; Maldonado et al., 2017).  
Based on 40Ar/39Ar dating that places the North Motagua belt at 77–65 Ma and the 
South Motagua belt at 125–113 Ma, these belts are believed to record two separate 
subduction events (Harlow et al., 2004). The South Motagua belt consists of a 
serpentinite mélange containing exotic blocks of blueschist and lawsonite-eclogite 
(Martens et al., 2012, 2017; Maldonado et al., 2017). Peak P-T conditions for eclogites 
are calculated at 480 – 520°C and ~2.5 – 2.6 GPa (Martens et al., 2012, 2017; Maldonado 
et al., 2017). The North Motagua belt consists of serpentinite mélange with blocks of 
garnet amphibolite, epidote eclogite, and blueschist (Martens et al., 2012, 2017). Peak P-
T conditions for eclogites are calculated at 600-650 C and ~2.0 – 2.3 GPa (Martens et al., 
2012, 2017; Maldonado et al., 2017). 
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Meluzina, Krusne Hory Mountains, Czech Republic 
Sample BL9A was collected from Meluzina Hill in the Czech Republic. Meluzina 
is located on the Czech side of the Erzebirge Complex of the central Krusne Hory 
Mountains on the border between Germany and the Czech Republic (Klapova et al., 
1998; Konopasek, 1998; Konopasek et al., 2001; Massonne and Czambor, 2007; Zackova 
et al., 2010; Cruz-Uribe et al., 2016). The Erzgebirge Complex is located in the northwest 
corner of the Bohemian Massif in the Saxothuringian domain of Central Europe 
(Konopasek, 1998; Konopasek et al., 2001; Zackova et al., 2010; Cruz-Uribe et al., 
2016).The Krusne Hory Mountains were formed as the result of the Variscan Orogeny (~ 
340 Ma) during the collision between the Laurussian and Gondwanan plates, which was 
proceeded in this region by the closure/subduction of the Saxothuringian ocean 
(Massonne and Czambor, 2007; Zackova et al., 2010; Cruz-Uribe et al., 2016).  
The Erzgebirge Complex can be subdivided into three subunits based of 
metamorphic grade/degree: the micaschist-eclogite unit, and the gneiss-eclogite unit, and 
the red and gray gneiss unit (Massonne and Czambor, 2007). Meluzina Hill sits in the 
micaschist-eclogite unit (Klapova et al., 1998; Konopasek et al., 2001; Massonne and 
Czambor, 2007) and occurs as a strongly foliated eclogite lens which is several km-long 
and up to 250 m thick. (Massonne and Czambor, 2007; Cruz-Uribe et al., 2016). 
Eclogites at the Meluzina locality occur as three different types. Type 1 is the most 
commonly occurring and is identifiable by its dark color, fine grain size, and 
compositional banding of garnet and omphacite. Type 2 is less commonly occurring and 
is identifiable by its light color, coarser grain size, and discontinuous banding of 
zoisite/clinozoisite. Type 3 occurs anomalously at Meluzina and is identifiable by its 
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coarser grain size and lack of foliation (Klapova et al., 1998). Meluzina eclogites have a 
generally agreed upon calculated peak P-T condition of 2.5–2.6 GPa and 650–700°C 
(Klapova et al., 1998; Konopasek, 1998; Massonne and Czambor, 2007; Cruz-Uribe et 
al., 2016).  
 
Alpe Arami, Central Alps  
Sample AA0609-01 was collected from Alpe Arami in the Central Alps near 
Ticino, Switzerland (Moeckel, 1969; Paquin and Altherr, 2001). The Alps are the result 
of the convergence of the Adria microplate and the European plate, which was preceded 
by the subduction of several ocean basins, including the Ligurian-Piedmont in the late 
Cretaceous to mid-Eocene and the Valais (Rubatto et al., 1998; Paquin and Altherr, 2001; 
Angiboust et al., 2012; Balestro et al., 2014). This was responsible for the emplacement 
of alpine ophiolites. The Alps are divided into four tectonic domains: the Helvetic-
Dauphinois domain, the Penninic domain, the Austroalpine domain, and the Southalpine 
domain. Sample AA0609-01 is from the Austroalpine domain. 
The Austroalpine domain is bordered by the subalpine Swiss Molasse to the 
north, the Austroalpine nappes to the east, and the Insubric Line (a major tectonic 
boundary between Southern and Austroalpine domains) to the south (e.g., Niggli, 1974; 
Schmid et al., 2004). The majority of the Austroalpine domain experienced at least one 
pre-Alpine orogeny, and evidence of the Variscan, Caledonian, and Precambrian 
orogenies are evident in its units (e.g., Biino et al., 1997). Alpe Arami is located within 
the Adula-Cima Lunga unit just north of the Insurbic Line in the Southern Steep Belt 
(Moeckel, 1969; Ernst, 1977; Paquin and Altherr, 2001). These units consist of what was 
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the European continental margin before the closure of the Valais ocean in the Eocene, 
and the Cima Lunga unit contains oceanic protolith high-pressure rocks (Engi et al., 
2001; Paquin and Altherr, 2001). Eclogites in the Alpe Arami locality occur as 
discontinuous lenses which roughly separate peridotite massif from quartzofeldspathic 
Lepontine gneiss (Moeckel, 1969; Ernst, 1977; Dobrzhinetskaya et al., 2002). Most 
thermobarometry in the area has been performed on the peridotite massif and conditions 
remain heavily disputed, but it is generally agreed upon that Alpe Arami has experienced 
multiple stages of high-pressure metamorphism (Brenker and Brey, 1997; Nimis and 
Trommsdorff, 2001; Paquin and Altherr, 2001; Brouwer et al., 2003; Olker et al., 2003). 
Peak P–T conditions for Alpe Arami eclogites are on the order of 4 GPa and 900 °C 
(Dobrzhinetskaya et al., 2002) or 2–3 GPa at 800–850 °C (Dobrzhinetskaya et al., 2002; 
Brouwer et al., 2003).  
 
Vendée, France  
Sample GO83-12 was collected from the Les Essarts Unit located near Nantes in 
Vendée, France by H. Marschall (Walters et al., 2020). The Les Essarts Unit is part of the 
Amorican Massif of Western France, which formed during the Variscan Orogeny, (also 
referred to as the Hercynian Orogeny) at approximately 440 Ma when Gondwana and 
Laurussia collided with the Amorica microplate (Peucat et al., 1982; Mauler et al., 2001; 
Halama et al., 2017). The Les Essarts Unit is interpreted as being a tectonic mélange 
indicating the subduction of pre-Variscan continental and oceanic material (Mauler et al., 
2001; Halama et al., 2017). It is composed of eclogite, orthogneisses, and silicified 
serpentinite (Peucat et al., 1982; Mauler et al., 2001) Eclogites occur in the unit as 
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slightly boudinaged, km-long lenses surrounded by orthogneisses (Peucat et al., 1982; 
Mauler et al., 2001; Godard, 2009). Structures in eclogites and the surrounding gneisses 
are roughly parallel, indicating probable simultaneous deformation (Mauler et al., 2001; 
Halama et al., 2017). Peak P-T conditions for Vendée eclogitization are calculated at 1.6–
2.0 GPa and 650–750 °C (Mauler et al., 2001; Halama et al., 2017).  
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METHODS 
Petrographic Analysis 
Preliminary petrographic analyses were performed on thin sections using a 
polarizing light microscope. In this analysis I identified mineral phases and textures, with 
particular attention paid to garnet, omphacite, rutile, and titanite, and quantified the 
modal distribution of minerals. This provided me with a preliminary understanding of 
each of the samples and their suitability for further analysis. Samples with significant 
amounts of overprinting, evidenced by texture/presence/abundance of glaucophane, 
chlorite, and titanite were excluded from further analysis as not being representative of 
peak eclogitic conditions. I selected six samples from different localities for further 
analysis. After the initial petrographic analysis, I created thin section maps of the selected 
samples in plane polarized, cross polarized, and reflected light using a Zeiss AxioImager 
M2.m microscope. From these maps I identified specific areas for analysis, and 
additional images were taken of these areas at higher magnification.  
 
Electron Probe Microanalysis 
Back-scattered electron (BSE) imaging of selected areas was performed using a 
Scanning Electron Microscope (SEM) in order to determine target areas for EPMA 
analyses.  Electron probe analyses were performed on all samples to determine the major 
element chemistry of garnet, omphacite, and amphibole (only sample BL9A) using 
wavelength dispersive spectrometry (WDS) on the Cameca SX 100 electron microprobe 
at the University of Maine. Operating conditions were 15 kV with a beam current of 10 
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nA and a spot size of 5 μm for all silicates. Standards used for calibration are given in 
Appendix Table A1. 
 
EMPA Data Reduction and Quantification  
Major element data were culled to exclude analyses with microprobe totals that 
were either too high or too low (100 wt % ± 1.5 %), with the exception of garnet and 
pyroxene analyses from Alpe Arami sample AA0609-01. As Alpe Arami is an ultra high 
pressure terrane, the garnet and sodic pyroxenes do not conform to the same norms as in 
the other samples, often resulting in slightly low totals. Data for Alpe Arami were plotted 
on a histogram, and outliers were rejected based on the spread in the populations present 
in this sample.  
The proportion of ferric iron in pyroxene was determined based on Method 2 of 
(Schumacher, 1991) using a short Matlab script written by J. Walters. Some microprobe 
analyses were insufficient for calculating the amount of ferric iron; this is a known issue 
with pyroxene analyses. For these analyses, all of the iron was assumed to be ferrous. 
Pyroxenes are silicates with the general chemical formula of M2M1Si2O6 where M2 
(distorted octahedral coordination) and M1 (regular octahedral coordination) refer to 
available cation sites. There are 20 accepted and commonly used mineral species names 
for pyroxenes that are divided into six groupings based on cation occupancy in the M2 
site determined by 13 end members (Morimoto et al., 1988).  
Preliminary classification of pyroxenes was done by dividing them using the four 
chemical groups of Ca-Mg-Fe pyroxenes (Quad), Na-Ca pyroxenes (Na-Ca), Na 
pyroxenes (Na), and other pyroxenes (other) as described in Morimoto et al. (1988). 
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Pyroxene analyses were classified based on the total number of specified cations at the 
M1 and M2 sites on the basis of six oxygens without considering the site preference of 
atoms between the two sites. Pyroxene data were plotted on a Q-J diagram, where Q = Ca 
+ Mg + Fe2+ and J = 2Na. The Q-J diagram boundaries are given by: 
Q+J = 2.0 Eq 1. 
Q+J = 1.5  Eq. 2 
J/(Q+J) = 0.2   Eq. 3 
J/(Q+J) = 0.8 Eq. 4 
Garnet endmembers (almandine, pyrope, grossular, and spessartine) were calculated 
based on the microprobe data using the following: 
XAlm = Fe/(Fe+Mg+Ca+Mn) Eq. 5 
XPy = Mg/(Fe+Mg+Ca+Mn) Eq. 6 
XGrs = Ca/(Fe+Mg+Ca+Mn) Eq. 7 
XSps = Mn/(Fe+Mg+Ca+Mn) Eq. 8 
 
LA-ICP-MS 
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was 
used to quantify the concentrations of FRTEs in garnet, omphacite, and rutile. LA-ICP-
MS analyses were performed in the MAGIC Lab at the University of Maine, which is 
equipped with an ESI NWR193UC laser ablation system coupled to an Agilent 8900 ICP-
MS. The NWR193UC is equipped with a large format sample cell and roving ablation cup. 
Single spot analyses were performed along traverses across selected garnet, rutile, and 
omphacite grains. An inline “squid” design signal smoother was placed after the addition 
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of the Ar nebulizer gas to the He aerosol. NIST SRM612 and R10 were used as primary 
reference materials for garnet and omphacite, and rutile, respectively. Glasses NIST 
SRM610, GSD-1G, GSE-1G, and R19 were analyzed as quality control materials. 
Analysis blocks consisted of fifteen unknowns bracketed by two primary reference 
material analyses. Each analysis consisted of 10 s of background collection, 20 s of 
ablation, and 10 seconds of washout. On average, 15–30 spots were analyzed per phase in 
each sample.  
Garnet was ablated using 17–20 μm spots. Ablation conditions for 17 μm spots 
were set to a He gas flow rate of 800 mL/min and fluence of ~3.0 J/cm2 with a repetition 
rate of 5 Hz. Ablation conditions for 20 μm spots were set to a He gas flow rate of 795 
mL/min and fluence of ~2.7 J/cm2 with a repetition rate of 5 Hz. Omphacite was ablated 
using a 17 μm spot size using a He gas flow rate of 800 mL/min, fluence of ~3.0 J/cm2, 
and a repetition rate of 5 Hz. Rutile was ablated using either a 12 μm or 17 μm spot size. 
Ablation conditions for 12 μm spots were set at He gas flow of 800 mL/min, fluence of 
~3.0 J/cm2 with a repetition rate of 8 Hz. Ablation conditions for 17 μm spots were set at 
He gas flow of 800 mL/min, fluence of ~3.0 J/cm2 with a repetition rate of 5 Hz. These 
conditions were determined based on the conditions used for LA-ICP-MS analysis work 
in other labs along with in-lab testing to maximize the counts/signal for the selected 
elements.  
Time-resolved LA-ICP-MS signals were processed using Iolite v3.71 (Paton et 
al., 2011). First, baselines were set for both standards and samples. Then the signals were 
cropped to optimize the signal by excluding washout. The Trace_Elements_IS data 
reduction scheme (DRS) was used to determine trace element concentrations. 29Si was 
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used as the internal standardization element for garnet (17.8 wt % SiO2) and omphacite 
(25 wt % SiO2), based on EPMA analyses. For rutile, 49Ti was used as the internal 
standardization element, assuming 100 wt % TiO2. Results from the laser analyses 
indicate that Fe is a relatively trace element in the rutile samples in this study, which 
validates the assumption of 100 wt % TiO2. 
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RESULTS  
Sample Petrography 
JS1209-1 
Sample JS1209-1 is an eclogite (Fig. 2.1A, B) with primary phases of omphacite 
(60–65 %) and garnet (30–35 %) along with rutile (1–2 %), titanite (1–2 %), chlorite (1 
%), phengite (<1 %), and glaucophane (<1%) in roughly decreasing abundance. 
Omphacite makes up the matrix of the sample. Garnet occurs as subhedral to euhedral 
porphyroblasts that range in size but are generally approximately 400 µm. Inclusions 
occur within garnet. The sample exhibits minor overprinting evident in the presence of 
titanite, chlorite, and glaucophane. Rutile present in JS1209-1 is often rimmed by titanite, 
and is typically on the order of 50–100 µm, though some of the larger grains are up to 
200 µm.  
 
SY18-02A 
Sample SY18-02A is a coarse grained metagabbro with a bimodal distribution of 
grain sizes (Fig. 2.1C, D). Primary phases are omphacite (60-65 %), garnet (25-30 %), 
rutile (5-10 %), phengite, titanite, and chlorite in roughly decreasing order of abundance. 
Omphacite makes up the matrix of the sample but also appears as porphyroblasts up to 
approximately 2.5 mm. Garnet occurs as subhedral to anhedral porphyroblasts which 
range in size from about 1–3.5 mm, most of which are about 2 mm. Inclusions of 
omphacite, phengite, chlorite, titanite, and rutile can be found in garnets. The sample 
exhibits minor overprinting evident in the presence of titanite and chlorite. Rutile in the 
sample appears as large ~ 3 mm or smaller aggregate grains.  
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G2A 
Sample G2A thin section is an eclogite with primary phases of omphacite (60-65 
%) and garnet (30 %) along with rutile (1-2 %), titanite (1-2 %), phengite, chlorite, and 
sulfides in roughly decreasing abundance. Grains of omphacite in the matrix experience a 
zonal extinction visible in cross polarized light with birefringent cores. As shown in 
Figure 2.1 (E) and (F), the most notable texture in the thin section are the huge euhedral 
garnet porphyroblasts ranging from 1 mm to 3 mm. Garnet contains inclusions of 
omphacite, phengite, rutile, titanite, and sulfide. Chlorite is present in cracks in garnet, 
and is interpreted as a secondary replacement. Rutile grains in the sample are on the order 
of approximately 50–100 µm and are associated with titanite. The presence of both 
chlorite and titanite indicate a minor degree of overprinting.   
 
BL9A  
 
Sample BL9A (Fig. 2.2A, B) is an eclogite with primary phases of omphacite (60 
%), garnet (34 %), and amphibole (5 %), along with phengite (1 %), rutile (<1 %), titanite 
(<1 %), and secondary chlorite (<1 %). The outcrop is characterized by compositional 
banding of garnet, omphacite, and amphibole. Omphacite and amphibole are the primary 
matrix phases in the sample. Garnet porphyroblasts are subhedral to euhedral and are 
~200–1000 µm. They contain inclusions of phengite, chlorite, and rutile. Rutile, 
sometimes rimmed by titanite, is also present in the matrix. Rutile in the sample is on the 
order of ≤ 150 µm.  
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AA0609-01 
Eclogite sample AA0609-01 is comprised of omphacite (60 %), garnet (30-35 %), 
and plagioclase+amphibole symplectite (5 %), along with minor rutile (1-3 %). The most 
notable texture in this sample is the compositional banding of garnet and omphacite-
symplectites. Figure 2.2 (C and D) shows a detail of one of the garnet bands; however, 
symplectite is visible in the upper left and lower right corners. The omphacite matrix is 
breaking down but fairly large (up to 1–3 mm) grains remain. Garnet bands consist of 
grains on the order of about 700 µm – 2 mm. Rutile in the sample is <450 µm with most 
being on the order of 100 – 200 µm and is mostly found in the garnet bands.  
 
GO83-12  
 
Sample GO83-12 is a metagabboric eclogite consisting primarily of omphacite 
(30 %), garnet (40 %), and hornblende (25 %) along with rutile (<1 %), chlorite (<1 %), 
and phengite (<1 %). The matrix of the rock is comprised of large grains of omphacite up 
to 3 mm. Diopside-plagioclase symplectite occurs near omphacite. As shown in Figure 
(E) and (F), garnet occurs as idioblastic (euhedral) porphyroblasts 250 µm to 2.5 mm in 
size, and has inclusions of omphacite, phengite, chlorite, and rutile. Rutile in the sample 
occurs as grains of ≤450 µm.  
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Figure 1. Example of a petrographic map of thin-section G2A (A) Plane-polarized 
light (B) Cross-polarized light.  
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Figure 2.1. Photomicrographs in plane (left) and cross polarized light (right) of areas 
of interest in samples JS1209-1 (A, B), SY18-02A (C, D) and G2A (E, F). 
 
 
 22 
 
Figure 2.2. Photomicrographs in plane (left) and cross polarized light (right) of areas 
of interest in samples BL9A (A, B), AA0609-01 (C, D), and GO83-12 (E, F). 
 
 
 
 
 
 
 
 
 
 
 
 
 23 
Major Element Geochemistry 
 
Garnet  
 
Due to size constraints, the total number of spots per sample for the EMPA traverses 
of garnet range from 26 to 80. Each traverse inevitably contained some spots which were 
unusable due to erroneous weight percent oxide values/total weight percent, likely due to 
interference from inclusions in garnet. The percentage of viable spots ranges from 85-98 
% depending on the sample. The major element concentration information given in Table 
2 provides insight into composition/species and zoning. With the exception of AA0609-
01, garnet in all of the samples can be classified as almandine (Fe2+3Al2(SiO4)3). Garnet in 
sample AA0609-01 has roughly equal proportions of almandine and pyrope. Weight 
percent information for the oxides Na2O, MgO, CaO, MnO, FeO, Al2O3, Cr2O3, Y2O3, 
SiO2, and TiO2 for core and rim sites in comparison with grain averages tells us, in general, 
the samples have comparable major element concentrations.  
Almandine and pyrope follow similar trends in the samples, typically increasing 
from core to rim, whereas grossular and spessartine typically decrease from core to rim. 
Sample G2A is an especially good example of almandine and spessartine zoning (Fig. 3). 
Exceptions to the typical trends can be observed in samples BL9A, GO83-12, and AA0609-
01. Sample BL9A has higher almandine in the core than rim. The sample is unique in that 
it follows the typical trend, increasing from core to rim but then just before the rim, 
almandine drops drastically. Sample GO83-12 is another exception in that almandine 
similarly seems to be higher in the core than rim. Additionally, grossular in this sample is 
higher in the rim than core. Finally, sample AA0609-01 fails to exhibit any of the typical 
zoning. Instead, major element zoning is fairly flat throughout the garnet.   
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Figure 3. EMPA traverse of garnet in sample G2A showing garnet endmembers 
expressed as mole fractions from core to rim. 
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Table 2. Major element concentrations in garnet expressed as weight % oxide 
determined by EPMA. Analyses shown for core and rim sites along with grain averages 
and standard deviations of the averages.  
  JS1209-1 SY18-02A 
  Core (n=7) 
Rim 
(n=4) 
Avg. 
(n=22) 2SD Core Rim 
Avg. 
(n=45) 2SD 
Na₂O 0.04 0.04 0.04 0.02 0.02 0.01 0.02 0.02 
MgO 1.58 2.59 1.90 0.9 1.68 4.00 2.84 1.7 
CaO 11.3 10.5 11.1 1.0 10.6 9.51 9.84 1.1 
MnO 2.20 0.35 1.32 1.6 4.03 0.47 1.70 2.9 
FeO 26.7 28.1 27.5 1.4 26.6 27.6 27.6 1.8 
Al₂O₃ 21.1 21.1 21.0 0.4 21.0 21.9 21.4 0.7 
Cr₂O₃ - 0.00 - 0.04 0.00 0.04 0.03 0.04 
Y₂O₃ 0.02 0.04 0.02 0.03 - - - 0.03 
SiO₂ 36.2 36.4 36.2 0.4 36.2 36.6 36.5 0.6 
TiO₂ 0.13 0.04 0.09 0.1 0.19 0.06 0.15 0.1 
Total  99.32 99.13 99.13 0.92 100.31 100.20 100.17 0.77 
XAlm 0.59 0.59 
XPy 0.07 0.11 
XGrs 0.31 0.27 
XSps 0.03 0.04 
         
  G2A BL9A 
  Core Rim Avg. (n=77) 2SD 
Core 
(n=9) 
Rim 
(n=4) 
Avg. 
(n=30) 2SD 
Na₂O 0.01 0.00 0.01 0.02 0.03 0.03 0.03 0.02 
MgO 1.08 2.68 1.70 0.9 3.57 6.45 4.08 2.5 
CaO 7.62 6.77 7.23 0.7 12.8 9.56 11.7 2.7 
MnO 6.15 0.09 2.11 4.3 1.27 0.27 0.82 0.8 
FeO 28.2 32.7 31.6 3.7 23.1 23.2 24.1 3.9 
Al₂O₃ 20.4 21.0 20.7 0.5 21.4 22.5 21.5 1.0 
Cr₂O₃ 0.07 0.05 0.05 0.05 0.03 0.02 0.03 0.1 
Y₂O₃ 0.07 0.02 0.01 0.1 0.02 - 0.02 0.04 
SiO₂ 36.9 36.7 36.4 0.5 37.7 38.4 37.7 1.0 
TiO₂ 0.09 0.02 0.11 0.1 0.15 0.02 0.13 0.1 
Total  100.46 99.98 99.85 0.93 100.02 100.42 100.06 1.30 
XAlm 0.69 0.51 
XPy 0.07 0.16 
XGrs 0.20 0.31 
XSps 0.07 0.02 
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  AA0609-01 GO83-12 
  Core Rim Avg. (n=31) 2SD Core Rim 
Avg. 
(n=51) 2SD 
Na₂O - - 0.02 0.01 0.02 0.05 0.05 0.03 
MgO - - 10.00 1.2 6.37 7.57 7.35 0.8 
CaO - - 8.34 1.0 8.96 9.71 9.64 0.6 
MnO - - 0.48 0.1 0.73 0.55 0.53 0.1 
FeO - - 19.4 0.9 23.7 21.5 21.9 1.5 
Al₂O₃ - - 21.9 1.0 22.3 22.1 22.0 0.4 
Cr₂O₃ - - 0.06 0.1 0.06 0.01 0.03 0.1 
Y₂O₃ - - 0.01 0.04 - - 0.02 0.04 
SiO₂ - - 38.7 1.8 38.4 38.6 38.6 0.8 
TiO₂ - - 0.06 0.1 0.09 0.19 0.20 0.8 
Total  - - 98.94 0.85 100.65 100.23 100.29 1.34 
XAlm 0.40 0.46 
XPy 0.37 0.27 
XGrs 0.22 0.26 
XSps 0.01 0.01 
 
 
 
Pyroxene 
Due to size constraints, the total number of spots for the EMPA traverses of 
omphacite ranged from 10 to 62 spots. Multiple pyroxene grains were selected in some 
samples in order to provide a more accurate characterization. As with the garnet data, 
each traverse inevitably contained some spots which were not usable due to erroneous 
weight percent oxide values or microprobe totals. The percentage of viable of spots in 
omphacite range from 81-95 %. The major element concentration information given in 
Table 3 provides us insight into the composition and zoning of pyroxene. Based on the 
EMPA analyses, the analyzed pyroxene grains can be categorized as omphacite (sodic-
calcic pyroxene) (see Figs. 4–6). In sample BL9A, amphibole is also present. Core-rim 
zoning in MgO, CaO, MnO, and FeO is common. It is particularly common for FeO to be 
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zoned in omphacite. Omphacite in sample BL9A consistently exhibits distinct zoning. 
Omphacite in sample AA0609-01 exhibits little to no zoning.   
In sample JS1209-1, major element concentrations of CaO in omphacite range 
from 11.968-16.308 wt %, Na2O ranges from 4.92-7.54 wt %, MgO ranges from 6.51-
10.0 wt %, and FeO ranges from 4.95-9.47 wt % in omphacite.  In SY18-02A CaO 
ranges from 11.6-13.1 wt %, Na2O ranges from 6.57-7.82 wt %, MgO ranges from 6.93-
8.00 wt %, and FeO ranges from 5.21-6.88 wt %. Major element concentrations of CaO 
range from 12.02-14.0 wt %, Na2O ranges from 6.38-7.50 wt %, MgO ranges from 6.85-
8.49 wt %, and FeO ranges from 5.51-10.1 wt % in sample G2A. In sample BL9A CaO 
range from 13.3-15.9 wt %, Na2O ranges from 5.36-6.67 wt %, MgO ranges from 8.32-
10.1 wt %, and FeO ranges from 3.74-5.63 wt % in omphacite. In sample AA0609-01 
major element concentrations in omphacite of CaO range from 13.6-15.4 wt %, Na2O 
ranges from 5.41-6.13 wt %, MgO ranges from 8.51-9.90 wt %, and FeO ranges from 
2.98-3.37 wt %. Finally, in omphacite in sample GO83-12, major element concentrations 
of CaO range from 15.4-17.0 wt %, Na2O ranges from 4.26-4.96 wt %, MgO ranges from 
9.78-10.8 wt %, and FeO ranges from 3.98-6.50 wt %.  
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Table 3. Major element concentrations in omphacite expressed as weight % 
oxide determined by EMPA. Analyses represent averages of one or more 
grains with samples. Standard deviations of the averages.   
  JS1209-1 SY18-02A G2A 
 Avg.  
(n=28) 2SD 
Avg.  
(n=32) 2SD 
Avg.  
(n=20) 2SD 
Na₂O 6.47 1.4 7.12 0.6 6.80 0.6 
K₂O 0.01 0.03 0.05 0.1 0.00 0.01 
MgO 8.12 2.0 7.50 0.6 7.64 1.0 
CaO 13.6 2.6 12.3 0.9 13.0 1.2 
MnO 0.05 0.1 - 0.04 - 0.03 
FeO 6.41 2.2 5.86 1.0 8.75 2.9 
Al₂O₃ 8.38 2.9 9.88 0.8 7.05 1.1 
Cr₂O₃ 0.00 0.05 0.00 0.04 0.05 0.1 
SiO₂ 56.2 1.5 56.5 0.7 55.9 0.7 
TiO₂ 0.06 0.1 0.06 0.1 - 0.1 
Total 99.32 0.84 99.21 0.88 99.17 0.71 
       
  BL9A AA0609-01 GO83-12 
 Avg.  
(n=13) 2SD 
Avg.  
(n=55) 2SD 
Avg.  
(n=58) 2SD 
Na₂O 5.97 0.9 5.84 0.3 4.64 0.3 
K₂O 0.00 0.02 0.01 0.1 0.03 0.03 
MgO 9.34 1.2 9.29 0.5 10.3 0.4 
CaO 14.7 1.8 14.6 0.7 16.6 0.4 
MnO 0.01 0.03 0.04 0.03 0.04 0.03 
FeO 4.71 1.4 3.22 0.2 4.38 1.2 
Al₂O₃ 8.36 0.6 10.1 0.5 8.49 0.6 
Cr₂O₃ 0.06 0.1 0.03 0.05 0.07 0.1 
SiO₂ 56.9 0.5 56.8 0.9 55.2 1.2 
TiO₂ 0.04 0.05 0.14 0.1 0.15 0.1 
Total 100.07 0.72 100.03 1.03 99.87 0.77 
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Table 4. Major element concentrations in amphibole in sample BL9A expressed as 
weight % oxide as determined by EMPA. Analyses represent grain average and 
standard deviation of the average.   
  BL9A 
 Avg.  
(n=40) 2SD 
H₂O 2.13 0.02 
Na₂O 2.90 0.4 
K₂O 0.20 0.03 
MgO 17.00 0.8 
CaO 9.09 0.4 
MnO 0.04 0.03 
FeO 7.87 0.8 
Al₂O₃ 5.81 0.7 
Cr₂O₃ 0.06 0.1 
SiO₂ 54.21 0.6 
TiO₂ 0.07 0.1 
Total 99.36 0.8 
 
 
 
Figure 4. Q-J diagram showing pyroxene compositions of all six eclogitic samples based 
on EMPA analyses. 
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Figure 5. Ca-Mg-Fe and Na ternary diagram for sample JS1209-1 pyroxene. 
 
 
 
 
Omphacite Aegirine - Augite 
Jadeite Aegirine 
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Figure 6. Ca-Mg-Fe and Na ternary diagram for sample G2A pyroxene. 
 
 
 
 
 
 
Trace Element Geochemistry 
 
First row transition elements Sc, Ti, V, Cr, Co, and Zn were detectable in garnet 
and omphacite in trace but measurable amounts. Additionally, Mn and Ni were detectable 
in omphacite. Copper was below detection in all three phases. In rutile, V, Cr, and Fe are 
above detection limits, and most other FRTEs are below detection. Tables 5-7 give the 
average trace element concentrations (μg g-1) in garnet, omphacite, and rutile, respectively, 
for each sample, along with the calculated standard deviation for the averages.  
Omphacite Aegirine - Augite 
Jadeite Aegirine 
 
 32 
Garnet 
In garnet, individual spot analyses of Sc range from 5.1–328 μg g-1. Sample 
averages for Sc in garnet range from 18.6 μg g-1 (sample SY18-02A) to 167 μg g-1 
(sample G2A). Individual spot analyses of Ti range from 100–1242 μg g-1 in garnet while 
sample averages for Ti range from 212 μg g-1 (sample AA)609-01) to 915 μg g-1 (sample 
JS1209-1). Vanadium ranges from 44.6–303 μg g-1 in individual spot analyses.  Sample 
averages for V in garnet range from 72.6 (sample AA0609-01) to 186 μg g-1 (sample 
JS1209-1).  Individual spot analyses of Cr range from 4.5–326 μg g-1. Average Cr 
concentrations for each sample range from 17.3 μg g-1 (sample SY18-02A) to 218 μg g-1 
(sample AA0609-01). Cobalt concentrations in individual spot analyses of garnet range 
from 10.35–100.7 μg g-1. Sample averages for Co range from 14.6 μg g-1 (sample 
JS1209-1) to 63.7 μg g-1 (sample AA0609-01). Individual spot analyses of Zn range from 
8.1–68.9 μg g-1 in garent while sample averages for Zn range from 13.2 μg g-1 (sample 
JS1209-1) to 58.5 μg g-1 (sample GO83-12).  
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Table 5. Trace element concentrations in garnet (μg g¯¹) determined by LA-ICP-MS.   
  JS1209-1 SY18-02A G2A BL9A AA0609-01 GO83-12 
 Avg. 
n=13 2SD* 
Avg. 
n=29 2SD 
Avg. 
n=30 2SD 
Avg. 
n=15  2SD 
Avg. 
n=15  2SD 
Avg. 
n=24 2SD 
Sc 80.2 28 18.6 28 167 176 63.6 71 75.4 23 43.7 26 
Ti 915 269 715 415 735 386 525 518 212 108 754 410 
V 186 104 80.0 29 79.5 28 79.0 34 72.6 25 98.4 18 
Cr 21.2 11 17.3 9 129 85 42.8 91 218 89 66.2 79 
Co 14.6 7 22.0 16 33.7 17 53.5 42 63.7 11 47.3 6 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cu b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn 13.2 5 31.0 19 34.5 17 37.1 24 57.7 13 58.5 11 
Ga  6.05 4 3.48 2 7.60 2 4.90 1 6.70 2 4.65 1 
Ge 4.42 1 3.85 1 4.78 3 4.49 2 3.86 2 2.72 1 
Sm 6.06 4 3.48 2 1.04 1 0.00 0 1.84 1 4.65 1 
Eu 0.13 0.3 0.02 0.1 1.32 1 0.02 0 1.52 1 0.03 0.05 
Gd 1.36 2 0.06 0.3 9.08 9 0.35 1 6.96 4 0.38 1 
Tb 0.72 1 0.09 0.1 3.72 7 0.36 1 1.64 1 0.22 0.2 
Dy 9.27 13 0.85 1 41.3 110 7.38 14 11.1 3 2.89 2 
Ho 2.77 2 0.43 0.4 11.7 33 3.20 4 2.70 1 0.94 0.4 
Er 10.2 4 2.72 3 43.2 129 14.9 13 7.29 3 4.16 2 
T
m 1.74 1 0.67 1 6.84 21 3.32 4 1.03 0.4 0.78 1 
Yb 14.0 14 8.10 14 47.4 146 33.5 59 7.79 3 7.54 6 
Lu 2.41 3 1.63 3 5.80 16 6.63 14 0.99 0.5 1.27 1 
b.d. = below detection  
* standard deviation of average  
 
 
 
Omphacite 
In omphacite, individual spot analyses of Sc range from 6.68–111.8 μg g-1 while 
sample averages range from 14.3 μg g-1 (sample SY18-02A) to 68.6 μg g-1 (sample G2A). 
Individual spot analyses of Ti range from 187–4260 μg g-1. Sample averages for Ti in 
omphacite range from 215 μg g-1 (sample G2A) to 1205 μg g-1 (sample GO83-12). 
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Individual spot analyses of V in omphacite range from 231.1–651 μg g-1. Sample 
averages for V range from 258 μg g-1 (sample BL9A) to 520 μg g-1 (sample SY18-02A). 
Chromium concentrations from individual spot analyses in omphacite range from 4.8–
427 μg g-1 while sample averages for Cr range from 25.2 (sample SY18-02A) to 283 μg 
g-1 (sample G2A). Individual spot analyses of Mn range from 17.1–746 μg g-1. Sample 
averages for Mn range from 46.0 μg g-1 (sample G2A) to 357 μg g-1 (sample JS1209-1). 
Individual spot analyses of Co range from 11.52–100 μg g-1.  In omphacite sample 
averages for Co range from 15.1 (sample SY18-02A) to 94.6 μg g-1 (sample BL9A).  
Nickel concentrations for individual spot analyses of omphacite range from 16.9–563 μg 
g-1. Sample averages for Ni range from 49.1 μg g-1 (sample JS1209-1) to 449 μg g-1 
(sample BL9A). Individual spot analyses of Zn in omphacite range from  
29.1–156.5 μg g-1 while sample averages for Zn range from 40.9 μg g-1 (sample AA0609-
01) to 135 μg g-1 (sample BL9A). 
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Table 6. Trace element concentrations in omphacite (μg g¯¹) determined by  
LA-ICP-MS.  
  JS1209-1 SY18-02A G2A BL9A AA0609-01 GO83-12 
 Avg. 
n=17  2SD* 
Avg. 
n=32 2SD 
Avg. 
n=15 
2S
D 
Avg. 
n=15 2SD 
Avg. 
n=15  2SD 
Avg. 
n=27  2SD 
Sc 32.8 13 14.3 13 68.6 77 21.2 9 20.9 2 36.6 12 
Ti 298 124 351 116 215 69 513 183 825 102 1205 1405 
V 469 117 520 223 500 90 258 40 473 45 495 147 
Cr 58.5 60 25.2 33 283 123 219 121 235 122 143 123 
Mn 357 347 142 189 46.0 52 259 60 187 13 196 211 
Co 19.7 8 15.1 4 33.4 12 94.6 5 16.8 3 31.1 31 
Ni 49.1 49 85.8 112 63.3 48 449 212 157 23 165 140 
Cu b.d b.d b.d b.d b.d b.d b.d b.d b.d b.d b.d b.d 
Zn 48.4 23 56.5 9 132 25 135 9 40.9 4 83.5 35 
Ga  13.7 7 13.1 2 19.7 4 10.7 1 21.8 2 22.1 4 
b.d. = below detection  
* standard deviation of average 
 
 
Rutile 
 In rutile, individual spot analyses of V range from 284–880 μg g-1. Sample 
averages for V range from 333 μg g-1 (sample SY18-02A) to 720 μg g-1 (sample BL9A). 
Chromium concentrations from individual spot analyses of rutile range from 44–1700 μg 
g-1 while sample averages for Cr range from 79.2 μg g-1 (sample SY18-02A) to 1100 μg 
g-1 (sample AA0609-01). Individual spot analyses of Fe in rutile range from 270 - 21800 
μg g-1. Sample averages for Fe range from 319 μg g-1 (sample AA0609-01) to 16307 μg 
g-1 (sample SY18-02A) in rutile.  
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Table 7. Trace element concentrations in rutile (μg g¯¹) determined by LA-ICP-MS.  
  JS1209-1 SY18-02A G2A BL9A AA0609-01 GO83-12 
 Avg. 
n=30  
2SD
* 
Avg. 
n=30 2SD 
Avg. 
n=15 2SD 
Avg. 
n=15  2SD 
Avg. 
n=15 2SD 
Avg. 
n=29 2SD 
Sc b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
V 402 72 333 50 550 153 720 152 580 232 633 312 
Cr 83.7 65 79.2 57 553 285 980 328 1100 414 691 503 
Mn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Fe 9720 3232 16307 
470
5 3314 
171
9 6775 
768
4 319 79 3867 
394
0 
Co b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cu b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zr 72.7 23 55.1 23 32.3 60 60.4 31 318 112 416 98 
Nb 204 97 153 37 250 348 103 27 266 63 160 47 
Mo 4.01 2 3.69 2 0.86 1 6.30 1 4.12 1 15.0 6 
Sn 24.8 10 7.59 1 15.3 22 28.3 10 30.9 11 21.9 7 
Sb 4.10 2 4.74 8 19.7 9 137 58 0.00 1 1.57 1 
Hf 4.98 1 3.08 2 1.42 2 3.01 1 8.90 2 17.8 4 
Ta 14.3 9 14.2 4 3.70 51 5.10 4 26.3 11 13.3 6 
W 18.2 51 8.15 9 6.90 17 308 153 14.0 10 4.26 2 
b.d. = below detection  
*standard deviation of average  
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DISCUSSION 
Partitioning Behavior 
 Mineral/mineral partition coefficients (D) were calculated for garnet/rutile, 
omphacite/rutile, and omphacite/garnet using the average concentrations for each sample. 
Dgrt/rut, Domph/rut, and Domph/grt are given in Table 8 and plotted in Figures 7-9. Most FRTEs 
can be observed in silicates but are below detection in rutile. As a result, rutile/silicate 
partition coefficients were calculated only for V, Cr, and Fe. 
 Overall, the FRTEs are more abundant in the silicate phases garnet and omphacite 
than in rutile. The elements Sc, Mn, Fe, Co and Zn are most compatible in the silicates 
compared to rutile. Scandium, Mn, and Fe are all most compatible in garnet, whereas Zn 
is most compatible in omphacite, except in sample AA0609-01 in which it is 
preferentially partitioned into garnet. Compatibility of Co in omphacite and garnet is 
sample dependent. In samples JS1209-1 and BL9A, Co is preferentially partitioned into 
omphacite (Domph/grt >1), whereas in samples SY18-02A, AA0609-01, GO83-12, it is 
preferentially partitioned into garnet (Domph/grt< 1), and in sample G2A Co is partitioned 
fairly equally between the two.  
 Vanadium compatibility is sample dependent, but in general, it is preferentially 
partitioned into either omphacite or rutile over garnet. Between silicates, V partitions 
preferentially into omphacite. The partitioning between omphacite and rutile is sample 
dependent. In samples SY18-02A and JS1209-1, V is partitioned preferentially into 
omphacite (Domph/rut. >1) while samples G2A, AA0809-01, and GO83-12 have a slight 
partitioning preference for rutile with a Domph/rut of 0.91, 0.82, and 0.78 respectively. In 
sample BL9A V partitions preferentially into rutile Domph/rut <1. Chromium partitions 
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preferentially into rutile with the exception of sample GO83-12 where it partitions 
preferentially into omphacite.  
 
 
 
Table 8. Select mineral/mineral partition coefficients based on averages from Tables 5-7.  
  JS1209-1 SY18-02A G2A BL9A AA0609-01 GO83-12 
Dgrt/rut             
V 0.46 0.24 0.14 0.11 0.13 0.16 
Cr 0.25 0.22 0.23 0.04 0.20 0.84 
Fe 2886.11 14.14 466.73 24.10 4681.29 44.43 
Domph/rut             
V 1.17 1.56 0.91 0.36 0.82 0.78 
Cr 0.70 0.32 0.51 0.22 0.21 1.81 
Fe 564.27 2.91 126.10 10.39 84.05 7.55 
Domph/grt             
Sc 0.41 0.77 0.41 0.33 0.28 0.84 
Ti  0.33 0.49 0.29 0.98 3.90 1.60 
V 2.53 6.51 6.29 3.27 6.52 5.03 
Cr 2.76 1.46 2.19 5.12 1.08 2.16 
Mn 0.02 0.01 0.00 0.03 0.06 0.05 
Fe 0.20 0.21 0.27 0.43 0.02 0.17 
Co 1.35 0.69 0.99 1.77 0.26 0.66 
Zn 3.66 1.83 3.83 3.64 0.71 1.43 
 
 
 
 
 39 
 
Figure 7. Eclogite mineral/mineral partition coefficients for V, Cr, and Fe in garnet 
and rutile.   
 
  
 
 
Figure 8. Eclogite mineral/mineral partition coefficients for V, Cr, and Fe in 
omphacite and rutile.   
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Figure 9. Eclogite mineral/mineral partition coefficients for Sc, Ti, V, Cr, Mn, Fe, Co, 
and Zn in omphacite and garnet.   
 
Eclogite Partial Melting Model 
 It has long been thought that the partial melting of peridotite in the upper mantle 
is the primary source of basaltic magmatism on Earth. However, FRTE ratios of ocean 
island basalts (OIB), which are fed by a deep mantle source, suggest that partial melting 
of peridotite alone is insufficient as a source (Pertermann and Hirschmann, 2003; Davis 
et al., 2013). There are distinct differences in the FRTE signatures of peridotite and OIB 
(Davis et al., 2011). For example, OIBs typically have higher Fe/Mn and lower Co/Fe 
ratios (Davis et al., 2013).   
As a result, some workers have proposed that a source generated by the mixing of 
partial melting of peridotite and partial melting of recycled oceanic crust (eclogite) might 
best explain the variance in OIB signatures. However, this explanation is largely 
dependent on several assumptions relating to the modal minerology, initial elemental 
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concentrations, and element partitioning behavior of FRTEs in recycled oceanic crust. In 
order to assess the likelihood of OIB sources resulting from the mixing of peridotite 
partial melts and recycled oceanic crust, the compositions of these must be constrained. 
Previous mixing/melting models have used assumed compositions for FRTE in eclogitic 
crust, which is taken to represent a subducted oceanic crust source in the deep mantle. 
The data presented here for FRTE concentrations in eclogitic minerals present an 
opportunity to refine these models with real data from natural eclogites.  
  A number of experimental studies have investigated partitioning behavior for 
FRTEs between clinopyroxene, garnet, rutile, and melt (Pertermann and Hirschmann, 
2003; Pertermann et al., 2004; Davis et al., 2013; Holycross and Cottrell, 2020). 
Pertermann et al. 2004 determined the mineral/melt partition coefficients for 
clinopyroxene and garnet with melt fraction and temperatures were based on those used 
in the Pertermann and Hirschman 2003 experiments. In clinopyroxene, two coefficients 
were determined for each element, one for low temperatures (1335-1365°C) and one for 
high temperatures (> 1365°C). In garnet, only Mn, Fe, and Zn were found to be strongly 
temperature dependent, and FRTE partition coefficients were found over a range of 
temperatures for those elements, whereas average coefficients were determined for the 
rest.  Based on these experiments, Davis et al. (2013) suggested that FRTE partition 
coefficients for eclogite partial melting are more sensitive to temperature than for 
peridotite partial melting. 
Davis et al. (2013) used batch partial melting models to predict FRTE ratios for 
peridotite and eclogite partial melts for comparison with FRTE ratios in natural OIBs. 
This model was based off of theirs and previous experiments in which synthetic samples 
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with known bulk compositions and modal proportions were melted over a range of 
temperatures (1335–1500 °C) at 3 GPa (Pertermann and Hirschmann, 2003). Element 
concentrations in melt were calculated using the following equation: 
Cimelt = Cisource/[𝐷" i (1-F)+F)]                    Eq. 9 
where Cimelt is the concentration of element i in the melt, Cisource is the concentration of 
element i in the source, 𝐷" i is the bulk partition coefficient for i between source and melt, 
and F is the melt fraction. Bulk partition coefficients were determined for garnet/melt and 
clinopyroxene/melt based on experimental data given in Davis et al., 2013, Pertermann et 
al. 2004, and Pertermann and Hirschmann 2003. Rutile was not included in the Davis et 
al. model because rutile’s rapid exhaustion in the melting process (F<0.05) means that it 
is unlikely to be influential in the OIB source region, and because at the time few 
experimental constraints existed for rutile/melt FRTE partitioning. 
While previous work has sought to better constrain FRTE partition coefficients 
experimentally, the other variables of modal proportion and elemental concentration 
along with melt fraction behavior are still largely unconstrained. The values in previous 
melting models for peridotite and eclogite are based entirely on experiments using 
synthetic samples that were made to represent the natural eclogitic materials.  
Here I present revised versions of the Davis et al. (2013) eclogite partial melting 
models using the measured FRTE concentrations from the natural eclogite samples in this 
study. By using FRTE concentrations in my natural eclogite samples I am more 
realistically able to constrain the initial bulk composition for the eclogitic source. In 
addition, I am able to give a better estimate of the initial modal phase proportions based 
on my petrographic observations. Cisource was calculated by summing the products of the 
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weighted phase proportions and the measured element concentrations in garnet, 
omphacite, and rutile:  
Cisource = Cigrt*Xgrt + Ciomph*Xomph + Cirt*Xrt Eq. 10 
where Cimineral is the average concentration in a given mineral as determined by LA-ICP-
MS, and Xmineral is the modal abundance of the mineral in the eclogite. The bulk partition 
coefficients, 𝐷" i, were similarly calculated by summing the products of the modal phase 
proportions and the experimentally determined partition coefficients used by Davis et al. 
(2013; Table S2). The F values given in the model were used as in Davis et al. (2013). 
The maximum, minimum, and average compositions of the minerals in Tables 5, 6, and 7 
for each element were used to model three different eclogite partial melting scenarios. 
These three scenarios show how the FRTE ratios for eclogite partial melting change 
based on differences in initial bulk concentration and the degree of partial melting (Figs. 
10, 11).  
I calculated two partial melting models. For both models, the initial bulk 
compositions were based on measured FRTE concentrations in garnet, omphacite, and 
rutile from this study. The two models vary in how the phase proportions of garnet and 
omphacite were treated in calculating the initial bulk composition (Cisource). In Model 1 
(Fig. 10) I assumed a fixed initial bulk composition that was calculated based on the 
observed phase proportions in my samples. In Model 2 (Fig. 11) the phase proportions 
varied with increasing melt fraction and were the same as those used by Davis et al. 
(2013), which were based on the melting experiments of Pertermann et al. (2004). This 
allowed the bulk composition to evolve in Model 2 with increasing melt fraction. 
Eclogite partial melting partition coefficients are given in Table S2. Input and output 
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values for Model 1 and Model 2 are presented in Tables S3-S5 and S6-S8 respectively in 
the Appendix. Each of these models has merit. Model 1 is important because the initial 
bulk composition is the most representative of natural eclogite samples (i.e., real altered 
oceanic crust). Model 2 is important because it more accurately represents how the bulk 
composition of the residuum evolves as the eclogite is melted.  
Davis et al. (2013) compared five FRTE ratios (Zn/Fe, Fe/Mn, Co/Fe, Ga/Sc, and 
V/Sc) for peridotite partial melts, eclogite partial melts, and natural OIB samples (see 
their Figure 13). The same ratios for Model 1 and Model 2 are plotted in Figures 10 and 
11, along with the models of Davis et al. (2013), in order to compare the models of partial 
melting of synthetic eclogite compositions (grey points) with my natural eclogite 
compositions (blue points), peridotite partial melts (light pink), and natural OIB samples 
(maroon).  
When considering Zn/Fe versus Fe/Mn ratios (Figs. 10A & 11A), the Davis 
model reproduces fairly well most of the OIB field via mixing of peridotite partial melts 
and eclogite partial melts. However, the high Zn/Fe and low Fe/Mn regions of the OIB 
field cannot be explained by their model, nor can they be reproduced with my Model 1 
due to the Zn/Fe ratios in the eclogitic models plotting lower than the maximum 
peridotite ratios, thereby making mixing between the two incapable of resulting in the 
higher OIB field ratios. Model 2 provides the best potential to reproduce the OIB field 
due to the variation in Zn/Fe and Fe/Mn ratios in the eclogite models. The high Zn/Fe of 
the models with high and average initial concentrations (dark and medium blue symbols) 
help reproduce the high Zn/Fe region of the OIB field.  
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If we consider Co/Fe versus Zn/Fe ratios (Figs. 10B & 11B), we see that the 
Davis et al. (2013) model could reproduce most of the OIB field, with some exceptions, 
through the mixing of partial peridotite and eclogite melting. However, the higher Co/Fe 
and Zn/Fe ratios in the OIB field cannot be reproduced through such mixing. Model 1 
doesn’t really help expand the region of potential reproducibility of the OIB field because 
all the study’s eclogite models plot with varying low Co/Fe and Zn/Fe. Therefore, mixing 
between partial melting of peridotite and eclogite is incapable of reproducing the majority 
of the OIB field, especially the high Zn/Fe region. The inclusion of the eclogitic models 
only potentially helps explain the lower left corner of the OIB field with its low Co/Fe 
and low Zn/Fe. Model 2 provides the best potential for reproducing the OIB field through 
mixing of eclogite and peridotite partial melting given the varying ranges in both Co/Fe 
and Zn/Fe ratios plotted by the models. However, high Co/Fe regions of the OIB field 
still cannot be reproduced by Model 2. 
When considering the Ga/Sc versus Fe/Mn (Figs. 10C & 11C), it can be seen that 
the Davis et al. (2013) models are only capable of partially reproducing the OIB field 
through mixing between partial melts of peridotite and eclogite. Regions of the OIB field 
with especially low Fe/Mn or high Fe/Mn cannot be reproduced through such mixing 
based on the given peridotite melt ratios. Both Models 1 and 2 improve on the Davis et 
al. (2013) model, enabling the reproduction of both the low and high Fe/Mn ratios of the 
OIB field which were excluded by the Davis model using the low Fe/Mn of the models 
with high and average initial concentration (dark blue and medium blue) and the high 
Fe/Mn of eclogite models with low initial concentrations (lightest blue). However, 
overall, Model 1 seems to provides a slightly better reproduction of the OIB field ratios. 
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It is also important to consider Ga/Sc versus Zn/Fe (Figs. 10D & 11D) when 
trying to explain the Ga/Sc ratios of the OIBs. It is apparent that with the Davis et al. 
(2013) models, only about half of the OIB field ratios can potentially be reproduced 
through mixing of peridotite and eclogite partial melting. The rest of the OIB field, the 
region with increasing Zn/Fe cannot be reproduced through mixing. Model 1 similarly 
falls short of being able to reproduce the region of higher Zn/Fe within the OIB field due 
the fact that the eclogite models plot at similar or lower Zn/Fe to peridotite. There is no 
way to reproduce the right half of the OIB field through mixing according to the model. 
Yet again, Model 2 provides the best potential reproduction of the OIB field ratios 
through mixing of peridotite and eclogite partial melting. The different ranges of the 
eclogite models, especially the low Ga/Sc and high Zn/Fe ratios of models with high 
initial concentrations extend to the higher end of the Zn/Fe ratios of the OIB field 
relatively well and almost the entire field is potentially reproducible by mixing.  
If we consider V/Sc versus Co/Fe (Figs. 10E & 11E), we see that all three models 
fail to provide conditions in which mixing between partial melting of peridotite and 
eclogite could reproduce the OIB field. The V/Sc ratios in the Davis et al. (2013) AOC 
and MORB models are comparable to those of the mid and upper peridotite field ratios. 
Therefore, mixing between the two is incapable of reproducing the higher V/Sc ratios 
seen in the majority of the OIB field. Model 1 provides the potential to reproduce slightly 
more of the OIB field with mixing of peridotite and eclogite partial melting due to the 
higher V/Sc of starting compositions with low initial ratios. However, the low Co/Fe of 
Model 1 still leaves the majority of the OIB field unexplained. Model 2 provides a 
slightly better chance at reproducing OIB ratios due to the two points from models with 
 
 47 
low and average initial concentrations, respectively, that plot in the high V/Sc regions of 
the OIB field. This could theoretically allow for mixing to occur, resulting in the potential 
reproduction of more of the OIB field. However, these points in Model 2 are the result of 
the highest degrees of partial melting (>80 %), which is geologically unrealistic.  
When considering V/Sc versus Zn/Fe (Figs. 10F & 11F), it can be seen that as in 
the V/Sc versus Co/Fe plots, the Davis et al. (2013) models and Model 1 largely fail to 
provide the potential for mixing of peridotite and eclogite partial melting to reproduce the 
majority of the OIB field ratios. In the Davis model the V/Sc of both the peridotite field 
and the AOC and MORB models are much lower than the majority of the OIB field’s 
V/Sc making it impossible for mixing between the them capable of resulting in the 
reproduction any but the lowest V/Sc ratios of the OIB field. Model 1 could potentially 
slightly expand the maximum OIB field V/Sc ratios which can be reproduced due to the 
relatively high V/Sc in the low concentration models; however, because Model 1 also has 
the lowest Zn/Fe ratios, the majority of the OIB field remains unreproducible. Overall, 
Model 2 provides the best potential to reproduce the OIB field through mixing of partial 
melting given the models with low concentration (light blue symbols) plot centrally in the 
OIB field. However, even in this model there are significant regions of the OIB field 
which remain unreproducible through mixing, namely the regions with the highest V/Sc 
and Zn/Fe ratios.  
Model 2 provides the best overall reproduction of OIB field values through 
mixing between partial melting of peridotite and eclogite. The Davis et al. (2013) models 
have the potential to partially reproduce most of the OIB fields through mixing of 
peridotite and eclogite partial melts. However, there are always regions of the OIB field 
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that the models fail to reproduce, particularly at higher V/Sc, Co/Fe, and Zn/Fe. That 
said, the modeling approach of this study suggests that the natural FRTE ratios of OIBs 
could possibly be explained better by a range of eclogitic compositions.  
Davis et al. (2013) used the compositions of average MORB and AOC in order to 
provide eclogite-relevant compositional estimates. However, they acknowledged that it is 
unclear how appropriate either of those compositions are at representing recycled 
lithologies (eclogite) since neither account for the compositional changes that occur 
during subduction (e.g., Becker et al., 2000). Both Model 1 and 2 include composition 
data from natural eclogite samples, showing that while the AOC and MORB models can 
provide estimates of FRTE ratios, they are incapable of representing the range resulting 
from differences in initial concentration. One of the limitations of the Davis et al. (2013) 
model is that the AOC and MORB FRTE ratios, with the exception of Co/Fe and V/Sc, 
are similar in range and magnitude. These similarities limit the extent of the OIB field 
that can be reproduced through mixing, whereas the range of FRTE ratios in my models, 
based on the natural eclogite samples, allows for more potential coverage of the OIB 
field.  
Model 1 improves on the Davis et al. (2013) models slightly due to the variation 
exhibited in the eclogite sample FRTE ratios resulting from differences in initial 
composition. However, Model 1 still falls short of reproducing the majority of the OIB 
field ratios. This could be due in part to the assumption of a fixed initial bulk composition 
which fails to take into account how phase proportions vary with increasing melt fraction 
causing the bulk composition to evolve over time. Since partitioning behavior is partially 
dependent on composition. Element compatibility varies based on phase, therefore 
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assumptions which affect the modeled phase proportion could result in variations in 
projected melt composition.  
Ultimately, while Model 2 offers some improvement, in the models presented 
here and the Davis et al. (2013) models, especially regarding the V/Sc, Co/Fe, and Zn/Fe 
ratios, the OIB field cannot be perfectly reproduced through mixing of partial melts. In 
particular, the V/Sc and Co/Fe plots still pose a problem in Model 2, although they were 
improved relative to the Davis et al. (2013) models and Model 1. This would suggest that 
while mixing of partial melting between eclogite and peridotite likely contribute to the 
source region for OIBs, the data from this study still leave open the need for additional 
mechanisms. Davis et al. (2013) suggested that one such variable that needs to be 
considered further would be the potential redox effect on partitioning behavior and fO2. 
In order to reproduce natural OIB results Davis suggests that peridotite melting may have 
occurred under more oxidized conditions. Elements V and Fe are both sensitive to fO2 
and as a result, elemental ratios between them and other elements (i.e., V/Sc or Zn/Fe) 
are similarly sensitive and may record fO2 of the source region of OIBs.  
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Figure 10. Eclogite partial melting Model 1 FRTE ratio plots comparing eclogite with 
low, average, and high initial element concentrations as determined in this study along 
with AOC and MORB models and OIB and peridotite data from Davis et al. 2013 
model. 
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Figure 11. Eclogite partial melting Model 2 FRTE ratio plots comparing eclogite with 
low, average, and high initial element concentrations as determined in this study along 
with AOC and MORB models and OIB and peridotite data from Davis et al. 2013 
model.  
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CONCLUSIONS 
In this study I determined FRTE compatibility among eclogitic garnet, omphacite, 
and rutile. Based on acquired trace element data, elements Sc, Mn, Fe, Co, and Zn are 
more compatible in the silicate phases omphacite and garnet than rutile. Overall, Sc, Mn, 
and Fe are most compatible in garnet, and Zn is most compatible in omphacite. Cobalt 
compatibility in omphacite and garnet is sample dependent. Cobalt is most compatible 
with omphacite in samples JS1209-1 and BL9A while in samples SY18-02A, AA0609-
01, and GO83-12 it is more compatible in garnet. In sample G2A, Co is relatively equally 
partitioned between omphacite and garnet. Depending on the sample, V is most 
compatible in either omphacite or rutile. In samples SY18-02A and JS1209-1 V is most 
compatible in omphacite, whereas in samples AA0609-01, GO83-12, and BL9A it is 
more compatible in rutile. Vanadium is relatively equally compatible in omphacite and 
rutile in sample G2A. Chromium is most compatible in rutile, with the exception of 
sample GO83-12, in which it partitions preferentially into omphacite. Mineral/mineral 
partitioning coefficients were undeterminable for Ni and Cu because Ni is only found 
above detection in omphacite and Cu was below detection in all three phases.  
These data have allowed us to better constrain models of eclogite partial melting 
as a potential source for OIBs. As shown by Davis et al. (2013) and the models presented 
here, partial melting of peridotite alone is not sufficient to reproduce FRTE ratios in 
natural OIBs. Therefore, it is likely that OIBs are sourced from a mixture of partial 
melting of peridotite and eclogite. From Model 1 and Model 2 it can be concluded that 
differences in initial bulk composition and element concentration play a significant role 
in determining FRTE ratios of partial melts. Depending on the initial bulk composition of 
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the recycled material, the range in FRTE ratios produced by partially melting natural 
eclogitic compositions can be significantly different from assumed AOC and/or MORB 
compositions. The Davis et al. (2013) AOC and MORB models provide an estimate of 
FRTE ratios; however, natural eclogitic samples exhibit greater ranges in ratios because 
of differences in initial concentrations. Based on these models it is likely that for some 
element pairs (i.e., Ga/Sc and V/Sc) a range of eclogite starting compositions are needed 
to explain the global array of FRTE ratios in OIBs. A broader study of FRTEs in 
eclogites will likely shed more light on the potential bulk compositions for subducted 
oceanic lithosphere.  
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EPMA ANALYSES CONDITIONS 
Table S1. Microprobe crystal configuration, counting times, and 
standards used for garnet and pyroxene/omphacite analyses.  
 
Garnet  
Element 
Line  
Spectrometer Crystal  Counting 
Time (s)  
Standard  
Mg Ka  4 LTAP 20 Pyrope  
Na Ka  4 LTAP 20 Jadeite   
Al Ka  1 TAP 20 Pyrope   
Si Ka  1 TAP  20 Pyrope   
Y La  2 LPET  20 YAG   
Ca Ka  2 LPET  20 Diopside   
Ti Ka  3 LLIF 20 Rutile   
Fe Ka  5 LLIF 20 Almandine   
Mn Ka  5 LLIF 20 Rhodonite   
Cr Ka  3 LLIF 20 Cr2O3   
Pyroxene/Omphacite  
Element 
Line  
Spectrometer Crystal  Counting 
Time (s)  
Standard  
Na Ka  4 LTAP 10 Jadeite   
Mg Ka 4 LTAP 20 Diopside  
Si Ka 1 TAP 20 Diopside   
Al Ka 1 TAP 30 Jadeite   
Ca Ka 2 LPET 20 Diopside  
K Ka 2 LPET 20 Sanidine   
Ti Ka 3 LLIF 20 Rutile   
Cr Ka 3 LLIF 20 Cr2O3   
Fe Ka 5 LLIF 20 Magnetite   
Mn Ka  5 LLIF 20 Rhodonite   
 
 
 
 
 
 
 
 
 61 
ECLOGITE PARTIAL MELTING MODELS 
Table S2. Eclogitic partitioning coefficients for clinopyroxene and garnet for given melt 
fractions and temperatures based on previous experiments. 
 
F 0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868  
T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500  
Elemental Partitioning Coefficients   
Cpx                    
DSc 2.07 2.07 2.07 1.73 1.73 1.73 1.73 1.73 1.73  
DTi 0.44 0.44 0.44 0.41 0.41 0.41 0.41 0.41 0.41  
DV 4.61 4.61 4.61 4.93 4.93 4.93 4.93 4.93 4.93  
DCr 8.72 8.72 8.72 12.7 12.7 12.7 12.7 12.7 12.7  
DMn 1.74 1.74 1.74 1.59 1.59 1.59 1.59 1.59 1.59  
DFe 0.9 0.9 0.9 0.97 0.97 0.97 0.97 0.97 0.97  
DCo  1.62 1.62 1.62 1.62 1.62 1.62 1.62 1.62 1.62  
DZn 0.64 0.64 0.64 0.71 0.71 0.71 0.71 0.71 0.71  
DGa - - - - - - - - -  
Grt                     
DSc 7.51 7.51 7.51 7.51 7.51 7.51 7.51 7.51 7.51  
DTi 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36  
DV 3.06 3.06 3.06 3.06 3.06 3.06 3.06 3.06 3.06  
DCr 9.85 9.85 9.85 9.85 9.85 9.85 9.85 9.85 9.85  
DMn 4.92 4.62 4.32 4.12 3.62 3.12 2.63 2.13 1.63  
DFe 2.7 2.51 2.33 2.21 1.9 1.59 1.28 0.98 0.67  
DCo  3.18 3.18 3.18 3.18 3.18 3.18 3.18 3.18 3.18  
DZn 0.98 0.91 0.85 0.81 0.71 0.60 0.50 0.40 0.29  
DGa 1 1 1 1 1 1 1 1 1  
Bulk Partition Coefficients   
DSc 2.99 2.91 2.88 2.55 2.56 2.63 2.63 2.38 1.73  
DTi 0.43 0.43 0.43 0.40 0.40 0.40 0.40 0.40 0.41  
DV 4.35 4.37 4.38 4.67 4.66 4.64 4.64 4.72 4.93  
DCr 8.91 8.89 8.89 12.30 12.29 12.26 12.25 12.38 12.70  
DMn 2.28 2.18 2.12 1.95 1.88 1.83 1.75 1.65 1.59  
DFe 1.20 1.15 1.11 1.15 1.10 1.07 1.02 0.97 0.97  
DCo  1.88 1.86 1.85 1.84 1.84 1.86 1.86 1.79 1.62  
DZn 0.70 0.68 0.67 0.72 0.71 0.69 0.68 0.68 0.71  
DGa 0.74 0.74 0.73 0.73 0.72 0.71 0.70 0.68 0.63  
Cpx values from Pertermann et al. 2004. Garnet values are an average of all experiments from 
Pertermann et al. 2004. Values for Mn, Fe, and Zn in garnet from experiments from Pertermann 
and Hirschmann 2003.  
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Table S3. Information for eclogite partial melting Model 1 for low initial concentrations. 
 
Phase Proportions  
melt (F)  0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868  
cpx 0.814 0.779 0.776 0.705 0.653 0.537 0.416 0.357 0.132  
grt 0.166 0.142 0.135 0.116 0.109 0.099 0.077 0.045 0  
T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500  
Starting Composition: Low   
 Sc Ti  V Cr Mn Fe (%) Co  Zn  Ga  
 
  15.2 208 203 24 1083 8 14.5 31.1 8.10  
Melt Composition: Low   
Sc 5.15 5.51 5.61 6.70 6.95 7.5 8.4 9.8 13.9  
Ti  474 439 433 407 381 335 294 273 225  
V 47.4 49.4 49.7 50.6 53.5 61.2 73 81 134  
Cr 2.78 2.95 2.98 2.37 2.54 2.99 3.72 4.37 9.6  
Mn 480 501 516 561 581 598 623 661 686  
Fe (%) 6.77 7.15 7.38 7.26 7.54 7.8 8.1 8.2 8.16  
Co  7.76 8.08 8.16 8.6 8.8 9.4 10.2 11.0 13.4  
Zn  33.6 35.4 37.2 37.3 39.9 41.1 40.4 40.2 34.3  
Ga  10.9 10.7 10.8 10.5 10.4 10.0 9.5 9.3 8.56  
Melt Ratios  
V/Sc 9.20 8.96 8.86 7.55 7.69 8.19 8.62 8.30 9.63  
Co/Fe *10^4 1.48 1.45 1.42 1.52 1.51 1.54 1.62 1.72 2.11  
Zn/Fe * 10^4 6.39 6.36 6.49 6.61 6.81 6.78 6.45 6.29 5.41  
Ga/Sc 2.11 1.95 1.93 1.57 1.49 1.33 1.13 0.95 0.62  
Fe/Mn 109.5 111.0 111.3 100.6 100.8 101.5 100.5 96.7 92.5  
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Table S4. Information for eclogite partial melting Model 1 for average initial 
concentrations.  
Phase Proportions  
melt (F)  0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868  
cpx 0.814 0.779 0.776 0.705 0.653 0.537 0.416 0.357 0.132  
grt 0.166 0.142 0.135 0.116 0.109 0.099 0.077 0.045 0  
T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500  
Starting Composition: Avg.   
 Sc Ti  V Cr Mn Fe (%) Co  Zn  Ga  
 
  44.5 574 346 149 3187 11 35.3 66.6 12.8  
Melt Composition: Avg.   
Sc 15.1 16.2 16.4 19.6 20.4 21.9 24.7 28.7 40.6  
Ti  1310 1214 1198 1126 1053 926 814 755 622  
V 80.7 84.2 84.7 86 91 104 124 138 228  
Cr 17.0 18.0 18.2 14.5 15.5 18.3 22.8 26.7 59  
Mn 1414 1475 1518 1652 1711 1759 1834 1946 2019  
Fe (%) 9.33 9.9 10.2 10.0 10.4 10.7 11.1 11.3 11.2  
Co  18.9 19.7 19.9 20.9 21.5 22.8 24.7 26.7 32.6  
Zn  72.1 75.8 79.7 80.0 85 88 87 86.2 73.5  
Ga  17.2 16.9 17.1 16.6 16.3 15.7 15.0 14.7 13.5  
Melt Ratios  
V/Sc 5.35 5.21 5.15 4.39 4.47 4.77 5.01 4.83 5.60  
Co/Fe *10^4 2.61 2.57 2.52 2.68 2.66 2.73 2.87 3.04 3.73  
Zn/Fe * 10^4 9.94 9.89 10.09 10.28 10.59 10.54 10.03 9.78 8.40  
Ga/Sc 1.14 1.05 1.04 0.84 0.80 0.72 0.61 0.51 0.33  
Fe/Mn 51.27 51.94 52.07 47.08 47.19 47.49 47.04 45.27 43.29  
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Table S5. Information for eclogite partial melting Model 1 for high initial 
concentrations. 
 
Phase Proportions  
melt (F)  0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868  
cpx 0.814 0.779 0.776 0.705 0.653 0.537 0.416 0.357 0.132  
grt 0.166 0.142 0.135 0.116 0.109 0.099 0.077 0.045 0  
T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500  
Starting Composition: High   
 Sc Ti  V Cr Mn Fe (%) Co  Zn  Ga  
 
  97 1079 422 287 5078 16 82.2 107.2 16.9  
Melt Composition: High  
Sc 32.9 35.2 35.8 42.8 44.4 47.7 53.8 62.5 89  
Ti  2464 2282 2252 2116 1980 1741 1530 1419 1170  
V 99 103 104 105 111 127 151 169 278  
Cr 32.8 34.7 35.1 28.0 29.9 35.2 43.9 52 113  
Mn 2254 2351 2418 2633 2726 2803 2923 3101 3218  
Fe (%) 13.0 13.7 14.2 14.0 14.5 15.0 15.5 15.8 15.7  
Co  44.0 45.8 46.3 48.6 50.0 53.1 57.6 62.3 76.0  
Zn  116 122 128 129 138 142 139 139 118  
Ga  22.7 22.3 22.5 21.9 21.6 20.7 19.8 19.4 17.8  
Melt Ratios  
V/Sc 3.00 2.92 2.89 2.46 2.51 2.67 2.81 2.71 3.14  
Co/Fe *10^4 4.35 4.29 4.20 4.48 4.44 4.55 4.79 5.07 6.23  
Zn/Fe * 10^4 11.5 11.4 11.7 11.9 12.2 12.2 11.6 11.29 9.70  
Ga/Sc 0.69 0.63 0.63 0.51 0.49 0.43 0.37 0.31 0.20  
Fe/Mn 44.9 45.5 45.6 41.2 41.3 41.6 41.2 39.6 37.89  
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Table S6. Information for eclogite partial melting Model 2 for low initial 
concentrations.    
Phase Proportions  
melt (F)  0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868  
cpx 0.814 0.779 0.776 0.705 0.653 0.537 0.416 0.357 0.132  
grt 0.166 0.142 0.135 0.116 0.109 0.099 0.077 0.045 0  
T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500  
Starting Composition   
Sc 15.0 15.0 14.9 14.9 14.9 15.0 15.0 14.8 14.3  
Ti  214.5 214.5 214.6 214.6 214.6 214.5 214.5 214.7 215.0  
V 226.6 229.4 230.5 231.8 231.5 229.1 229.0 237.2 258.0  
Cr 23.9 24.0 24.0 24.1 24.1 24.0 24.0 24.3 25.2  
Mn 613.1 562.2 542.1 519.0 524.9 567.2 568.9 420.8 46.0  
Fe (%) 6.0 5.7 5.6 5.5 5.5 5.7 5.7 5.0 3.2  
Co  15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.1  
Zn  36.2 36.6 36.8 37.0 36.9 36.6 36.6 37.8 40.9  
Ga  9.5 9.6 9.6 9.7 9.7 9.6 9.6 9.9 10.7  
Melt Composition  
Sc 5.1 5.4 5.5 6.6 6.8 7.4 8.3 9.5 13.0  
Ti  489.8 453.7 447.9 420.9 393.7 346.1 304.2 282.2 233.2  
V 52.9 55.9 56.5 57.8 61.1 69.1 82.0 95.1 169.9  
 Cr 2.1 2.2 2.2 2.4 2.6 3.0 3.8 4.6 10.4  
Mn 272.1 268.9 268.1 291.9 314.2 371.5 415.0 333.6 42.7  
Fe (%) 5.0 5.0 5.1 4.9 5.1 5.5 5.7 5.1 3.2  
Co  8.0 8.4 8.5 8.9 9.1 9.7 10.5 11.4 14.0  
Zn  51.5 51.8 52.5 47.8 47.4 45.5 43.5 43.5 42.5  
Ga  12.7 12.6 12.8 12.5 12.3 11.7 11.2 11.4 11.2  
Melt Ratios  
V/Sc 10.4 10.3 10.2 8.8 9.0 9.4 9.9 10.0 13.0  
Co/Fe *10^4 2.1 2.1 2.1 2.3 2.3 2.3 2.4 2.9 5.6  
Zn/Fe * 10^4 13.4 13.3 13.3 12.5 11.9 10.6 9.8 11.0 16.9  
Ga/Sc 2.5 2.3 2.3 1.9 1.8 1.6 1.4 1.2 0.9  
Fe/Mn 141.6 145.2 147.7 130.8 126.8 115.1 106.6 118.5 588.3  
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Table S7.  Information for eclogite partial melting Model 2 for average initial 
concentrations.     
Phase Proportions  
melt (F)  0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868  
cpx 0.814 0.779 0.776 0.705 0.653 0.537 0.416 0.357 0.132  
grt 0.166 0.142 0.135 0.116 0.109 0.099 0.077 0.045 0  
T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500  
Starting Composition   
Sc 39.6 38.9 38.7 38.4 38.5 39.0 39.0 37.1 32.4  
Ti  580.4 579.2 578.8 578.3 578.4 579.4 579.4 576.1 567.7  
V 392.7 398.1 400.2 402.7 402.0 397.6 397.4 413.0 452.6  
Cr 147.4 148.6 149.1 149.6 149.5 148.5 148.5 151.9 160.7  
Mn 1834.2 1687.3 1629.4 1562.7 1579.7 1701.6 1706.6 1279.2 197.8  
Fe (%) 8.7 8.4 8.3 8.2 8.2 8.5 8.5 7.6 5.6  
Co  35.8 35.7 35.7 35.7 35.7 35.7 35.7 35.5 35.1  
Zn  75.2 75.9 76.2 76.5 76.4 75.9 75.8 77.8 82.7  
Ga  14.9 15.1 15.1 15.2 15.2 15.1 15.1 15.5 16.8  
Melt Composition  
Sc 13.4 14.1 14.3 16.9 17.6 19.1 21.6 23.9 29.6  
Ti  1325.3 1224.9 1208.2 1134.3 1061.4 934.7 821.5 757.4 615.6  
V 91.8 97.0 98.1 100.4 106.1 120.0 142.3 165.5 298.0  
Cr 12.7 13.6 13.8 15.2 16.2 18.9 23.5 28.5 66.3  
Mn 814.1 807.1 805.6 879.0 945.4 1114.5 1244.9 1014.0 183.5  
Fe (%) 7.3 7.4 7.5 7.3 7.6 8.1 8.4 7.7 5.6  
Co  19.2 19.9 20.1 21.1 21.7 23.1 25.1 26.9 32.4  
Zn  106.9 107.4 108.8 98.9 98.1 94.3 90.2 89.5 86.0  
Ga  19.9 19.9 20.1 19.7 19.4 18.4 17.6 17.8 17.7  
Melt Ratios  
V/Sc 6.8 6.9 6.9 5.9 6.0 6.3 6.6 6.9 10.1  
Co/Fe *10^4 3.4 3.5 3.4 3.7 3.7 3.7 3.8 4.5 7.5  
Zn/Fe * 10^4 19.0 18.6 18.5 17.4 16.5 14.9 13.8 14.9 19.9  
Ga/Sc 1.5 1.4 1.4 1.2 1.1 1.0 0.8 0.7 0.6  
Fe/Mn 69.3 71.4 72.8 64.7 62.7 56.6 52.4 59.3 236.0  
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Table S8. Information for eclogite partial melting Model 2 for high initial 
concentrations.    
Phase Proportions  
melt (F)  0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868  
cpx 0.814 0.779 0.776 0.705 0.653 0.537 0.416 0.357 0.132  
grt 0.166 0.142 0.135 0.116 0.109 0.099 0.077 0.045 0  
T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500  
Starting Composition   
Sc 85.3 83.8 83.2 82.5 82.7 83.9 84.0 79.6 68.6  
Ti  1155.9 1160.3 1162.0 1164.0 1163.5 1159.9 1159.7 1172.5 1205.0  
V 463.4 468.5 470.5 472.8 472.2 468.0 467.8 482.6 520.0  
Cr 272.0 273.0 273.4 273.8 273.7 272.9 272.8 275.7 283.0  
Mn 2942.6 2710.5 2619.0 2513.7 2540.5 2733.1 2741.1 2065.7 357.0  
Fe (%) 12.6 12.3 12.1 12.0 12.0 12.3 12.3 11.3 8.7  
Co  89.4 89.8 90.0 90.2 90.2 89.8 89.8 91.1 94.6  
Zn  122.0 123.2 123.7 124.2 124.1 123.1 123.1 126.4 135.0  
Ga  19.6 19.9 20.0 20.1 20.0 19.8 19.8 20.5 22.1  
Melt Composition  
Sc 28.9 30.4 30.7 36.3 37.8 41.2 46.5 51.2 62.6  
Ti  2639.5 2453.7 2425.7 2283.3 2135.0 1871.3 1644.3 1541.7 1306.8  
V 108.3 114.1 115.3 117.9 124.6 141.2 167.5 193.4 342.4  
Cr 23.5 25.0 25.2 27.8 29.7 34.7 43.2 51.7 116.7  
Mn 1306.0 1296.6 1295.0 1413.9 1520.5 1790.2 1999.4 1637.5 331.2  
Fe (%) 10.5 10.8 11.0 10.7 11.1 11.8 12.2 11.4 8.8  
Co  47.9 50.1 50.7 53.4 54.9 58.0 63.0 69.1 87.4  
Zn  173.4 174.3 176.6 160.6 159.2 153.0 146.3 145.4 140.4  
Ga  26.3 26.2 26.5 25.9 25.5 24.3 23.2 23.5 23.2  
Ratios  
V/Sc 3.7 3.8 3.8 3.2 3.3 3.4 3.6 3.8 5.5  
Co/Fe *10^4 5.9 6.0 5.9 6.4 6.3 6.3 6.6 7.8 12.8  
Zn/Fe * 10^4 21.2 20.8 20.6 19.3 18.4 16.7 15.4 16.4 20.6  
Ga/Sc 0.9 0.9 0.9 0.7 0.7 0.6 0.5 0.5 0.4  
Fe/Mn 62.5 64.7 66.1 58.8 56.9 51.2 47.4 54.3 206.1  
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EMPA TRAVERSES OF GARNET 
 
Figure A1. EMPA traverse of garnet in sample JS1209-1 showing garnet 
endmembers expressed as mole fractions from core to rim. 
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Figure A2. EMPA traverse of garnet in sample SY18-02A showing garnet 
endmembers expressed as mole fractions from core to rim. 
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Figure A3. EMPA traverse of garnet in sample BL9A showing garnet 
endmembers expressed as mole fractions from core to rim. 
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Figure A4. EMPA traverse of garnet in sample AA0609-01 showing garnet 
endmembers expressed as mole fractions from core to rim. 
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Figure A5. EMPA traverse of garnet in sample GO83-12 showing garnet 
endmembers expressed as mole fractions from core to rim. 
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TRACE ELEMENT CONCENTRATION FIGURES 
 
Figure A6. Ranges in measured vanadium concentrations for rutile (left) and 
omphacite (right) in eclogite samples.  
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